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relation  between  the  magnetic  field,  strength 
in  a'  sparse  occupied  by  any  given  m&divm  ©M  the  magnetic 
induction  -  is  expressed  fey  the  well  Tsmmi  mqmtim 


iS  w  ttl 


The  magnetic  payability  <*  is  &  physical 
tity  which  characterize#  the  !B&gaetle  properties  of  the 
medlra®.* 


follows* 


As  is  equation  Cl)  can  fee  egapandedt  as 


(2) 


Here  jbu  Is  the  magnetic  peraecbility  of  vaetsate  X  is  U» 
magnetic  strength  which  characterises  the  addition  to  th 
fundamental  magnetic  process  that  has  been  isiiroduoed.  fey 
the  medium*  For  a  v&cmaa  w®  always  have  1  «  0*  Is  say  » 
dium  X  $  0*  1st  the  case  of  iron  and  ferromagnetic  mate¬ 
rials  X  >  0  and  is  relatively  much  mere  important* 


1_ 


According  to  etarenfc  views  of  the  nature  of  few 


ssrMsa,  &shr.-sa».*s  ffiria^or- 

time  act  magnetically  on  one  anopner.  xu  w» ."rt  a11  V 

®3Lossa  ~ 

small  magnets  separate  a-a^«  «  of  domains.  Upon 

grSilSlonPS?Sthe  S5?fir  an  e^rn?l  field  these  Soups 
gradually  fall  apart  and*  form  stable  new  groupings  as  i^i- 
latSby  thT  SrtSSl  field,  ms  woews  oaotmes  «*H 
all  of  the  small  elementary  magnets  are  oriented  in  h 
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Dimensions®  K,  *  65  (7x4x2.1  ™2^5 
m  -  0.5i  0  -  0.8665  H«~  0.5J  °ersi 

Hc  »  0*2?  oersteds  5  Bm  =  2440  gauss 

Th?" s ol id4lln|a shows^he  experimentally  obtained 
curve.  The  computed  points  are  shown  by  dots.  — < 
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T  During  this  process  the  intensity  of  magnetiza¬ 

tion  X  reaches  a  maximum  and  any  further  increase  in  mag¬ 
netic  induction  will  take  place,  as  in  a  vacuum,  at  the 
expense  of  in  equation  (2). 

After  the  external  magnetic  field  ceases  to  act, 
the  small  elementary  magnets  form  new  groupings .  The  pre-, 

_  dominant  orientation  of  the  small  magnets  imposed  hy  the 

external  field  is  preserved  to  a  definite  extent  in  the^ 
new  groupings 0  This  determines  the  residual  magnetism  of 
the  body~Bre«  (Fig©  1).  In  order  to  eliminate  the  resi¬ 
dual  magnetism  it  is  necessary  to  apply  an  external 
field  strength  H  in  the  opposite  direction. 

The  losses  of  energy  incured  during  the  magnetiza¬ 
tion  cycle  (hysteresis  losses)  are  explained  hy  the  set¬ 
ting  into  oscillation  of  the  small  elementary  magnets  du¬ 
ring  regrouping  and  these  losses  produce  an  increase  jin 
the  kinetic  energy  of  the  molecules,  i*  e*,  a  heat  ef¬ 
fect. 

According  to  the  above,  the  intensity  oi  magneti¬ 
zation  X  determines  that  increase  in  magnetic  induction 
of  the  medium  which  arises  as  a  result  of  the  predominant 
orientation  of  the  small  elementary  magnets  hy  the  exter¬ 
nal  field, 

Bach  small  elementary  magnet  has  a  very  definite 
magnetic  moment. 

M  "  ml,  (3) 

where  m  is  the  magnetic  mass  of  one  pole; 

L  is  the  distance  between  the  poles  of  the  small  magnet, 
taken  as  a  vector. 

wfe  note  that  representation  of  the  magnetic  mass 
and  the  distance  between  the  poles  of  a  small  elementary 
magnet  is  only  a  convention.  Equation  (3)  emphasizes  ohe 
fact  that  each  elementary  magnet  creates  a  magnetic  field 
whose  absolute  quantity  is  independent  of  external  condi¬ 
tion  but  whose  direction  depends  upon  the  physical  state 
of  the  body,  the  nature  of  the  external  field  and  the 
degree  of  interaction  with  surrounding  small  magnets.  All 
these  elementary  small  magnets  have  a  differently  compo-  . 
Ised  magnetic  moment  in  the  direction  in  which  the  exter-_J 
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nal  magnetic  field  strength  H  is  acting*  Let  :*  be  the 
angle  of  inclination  of  the  axes  of  the  elementary  small 
magnet  to  the  direction  of  K. 


We  ?/ill  accept  the  fact  that  the  probability  of 
a  given  small  elementary  magnet  having  a  cos-f-ij  is 
equal  to 


T 


(x~* 

d* 


(4) 


1*  e„,  the  distribution  of  elementary  magnets  along  the 
cosine  is  taken  as  normal  since  such  a  distribution  is 
encountered  in  practice  each  time  there  is  a.  variation 
in  the  observed  effect  or  magnitude  (in  our  case 
due  to  the  action  of  a  large  number  of  forces  which  are 
mutually  additive,  almost  independent,  and  small  in  com¬ 
parison  to  the  total©  Such  a  summation  is  usually  based 
on  the  fundamental  la?/  which  determines  the  average  effect 
and  leads  to  a  ’’normal”  distribution  curve.  The  normal 
law  is  observed,  i»  g«,  in  the  distribution  of  the  velo¬ 
city  components  of  gas  molecules,  in  the  dispersion  of 
the  coordinates  of  particles  undergoing  Brownian  move¬ 
ments,  and  in  the  variability  of  plant  organisms •  Let  us 
assume  that  it  also  acts  in  the  case  we  are  considering. 


In  place  of  the  exact  equation  (4)  we  will  intro¬ 
duce  an  approximation  substituting  probability  for  rela¬ 
tive  frequency  of  the  event  (frequency). 


n 

A 


2 


i  l  a  t 


(5) 


Here  n  is  the  number  of  elementary  jnagnets  inclined  to¬ 
ward  H  at  an.  angle  f  where  *»<«<*? <*4 

and  N  is  the  total  number  of  ele¬ 
mentary  magnets. 

Multiplying  the  left  and  right  sides  of  equation  by 
mN  we  will  obtain  an  approximate  value  for  the  increase 
in  magnetisation  strength  that  corresponds  to  the  rota¬ 
tion  of  part  of  the  elementary  magnets  to  a  certain  angle 


4 


r 


A/  9*  nm 


(6) 


This  same  rotation  is  a  result  of  the  action  of  the  ex-  — 
t ernal  magnetic  field  H.  1*  e#J  the  angle  of  rotation  is 
a  function  of  H  or  Carrying  out  the  trans forma-  , ' 

tion  in  equation  (6)  and  introducing  the  designation  k  - ~ 
we  obtain 


A/ 


2/„  (’ 
V&  J  * 

•»«),  A' 


~ 1  dz. 


(7) 


where  Im  -  mHo 
If  we  assume  that 


,-/(//) -^.Cos??8tnf|/  (8) 


where  ~j*  *  «m*.  then 

“m 


(9) 


k  is  expressed  in  such  a  fashion  that  the  distribution  curve 
in  the  section  outside  the  interval  1-  *•<!  differs  little 
from  zero.  Substituting  (9)  in  (2)  we  obtain  the  more  gene¬ 
ral  relationship 
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B **■  +4f 
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(9*5) 


For  ferromagnetic  materials  under  an  external  field 
strength  of  H  =  (0  »  5)  Hc  the  following  expression  is 
valid? 


(10) 


when 


0 


(10*5) 


Equation  (10)  is  the  equation  of  a  hysteresis  loop.  Knowing 
parameters  Bm,  Hm,  He?  Uo  and  k  it  is  possible  to  find  the 
value  of  B  for  any  E  within  the  limits  -Hm  to  Km*  Fig*  1 
shows  the  agreement  of  equation  (10)  with  the  experimental 
curve* 


2.  STEP  PROCESS  IB  A  FERRITE  CORE 


As  an  example  of  the  applicability  of  the  equation 
of  the  hysteresis  loop  (10)  we  will  wxamine  the  step  process 
in  a  ferrite  core,  a  diagram  of  which  is  shown  in  Fig.  2. 
Starting  from  this  arrangement  it  is  possible  to  write  the 
following  four  equations* 
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'*  eft 


(11a) 
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Flgo  2.  Diagram  of  a  ferrite  core. 


We  will  not  consider  the  effect  of  eddy  currents  since 
in  a  ferrite  they  are  practically  equal  to  zero.  We  Will 
eliminate  from  the  given  system  of  equations  the  currents 
iqand  ia.  In  order  to  do  this  we  will  write  (11a)  and 
(lib)  in  the  form 
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R. 

o  = 


to,*  d®  ,  , 


2 

#7 

/?,  dt 


■w, 


-+■  /2wt. 


(lie) 


Subs tract ing  the  upper  equation  from  the  lower  v/e  obtain 


£i%!,  _  /  w,*  -wf  \  dB~  dH  IH 
/?,  “\  R;  R2  VdHdt  r  4n 


(Ilf) 


where  s  is  the  cross  section  area  of  the  ferrite  ring 5 

l  is  its  average  circumference.  Substituting  i^2r.r 
t  is  the  radius  of  the  average  circumference, 


(12) 


and  D 

K  ~RtwS 

we  obtain  the  differential  equation  of  a  ferrite  core 
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1*0115 

ft**  inj? _ 

... 

V  1  (JT. 

*9"  H 

77a*! 

exp  2  Hm 

eo«'f  ^  sin?  1/  j 

(/V  ! 

(13) 
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r in  the  case  ??here  R2  “  00  ’ 
takes  the  form  1H  =  4  * /,*, 
core  will  he 


MMKH'j 

i.  e,,  Ip  =  0,  equation  (lie) 
and  tne  equation  of  the  ferrite 
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(14) 


It  is  necessary  to  observe  that  sll  arguments  lead 
to  the  assumption  that  H  remains  exclusively  vjithin  the 
limits  Correspondingly,  the  largest  j-alue 

of  H  cannot  be  arbitrary.  When  K  =  H]naX,  ~  0,  and  irom 
this  condition  we  find  that  az 


Ctfltr, 

”Tf7" 


...  2- 


(15) 


Equation  (15)  is  0hm*s  La?/  and  describes  the  condition  of 
the  ferrite  core  in  a  steady  state. 


The  voltage  applied  to  winding  w?  may  be  any  func¬ 
tion  of  time,  We  will"  examine  a  partial  case  -  the  action 
of  a  square  pulse,  or  more  exactly,  only  its  front.  Since 
there  is  always  in  practice  a  certain  time  interval  during 
the  increase  of  voltage,  we  will  represent  it  mathematical¬ 
ly  thus 


Ei  a  E ia  (1  -  e  [illegible  text] 

JU  nl*\' 

We  will  find  a  partial  solution  of  differential  equation 
(14)  under  initial  conditions  t  -  0,  H  -  0  and  the  follo¬ 
wing  parameters  for  a  ferrite  cores  K  =  65  (7  x  4  x  2,1) 
rams  Y  =  29.75*,  sin?  -  0.5*,  cos?  =  0.866?  Hm  =  0.54  orsteds? 


EL  “  0.27  oersteds?  Bm  =  2440  gauss;  Bresidual  =  2400  gau 
xkt  ~  1,  A  static  ferrite  hysteresis  loop  is  shown  in  Pig, 
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gauss? 
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Let  us  take 


Ej_  =  25(1  -  e“4*10^)v, 


9 


T"i  e.,  we  will  assume  that  after  0.1  microsecond  the  vol~ 
tage  In  the  primary  winding  wx  attains  a  maximal  vain  __ 

R  =  2 'hr.  For  ih  ~  10  In  equation  (15)  we  wi-1  get  R 
-^■64  iQ  ohms.  Carrying  out  numerical  integration  o_  dif- 
f er ent ial  equat ion  (14- )  by  the  Runge-Kutta  method  we  will 
find  the  relationship 

-  H  a  F(t)  (16) 

for  magnetization  of  the  ferrite* 

The  results  of  the  calculation  are  given  in 


Table  1 


Table  1 


Point  i 


|  6,010  1  0.01ft 

1 

0.010 

0.010 

0  fi\H 
i 

! 

j  0.81*. 

•  0.182  0,19! 

t|  _ _ 

— j 

0.195  ! 

| 

0.209 

0.240 

j  O/2'O  i 

5,9510* 

i  t  } _ ^ _ _ 

1,44 -10"  ' 

| 

li.OH-  (ft* 

5.53  10* 

i 

2.00- 10*  j 

1  54.3  -j  , 

w,a 

i 

“"J 

92.5  . 

:  206  ,4 

0,290  I  0.30k 
.22  10*,  3.73  l<* 


A  graphically  computed  solution  of  the  differential  equa- 
tion  of  a  ferrite  core  is  given  in  Fig.  3<> 

We  will  call  the  time  during  which  the  magnetic _ 
field  intensity  in  the  ferrite  changes  from  d  =  0  to  H  - 
the  time  of  magnetization  of  the  ferrite*  In  our  case  the 
time  of  magnetization  amounted  to  1.83  microseconds*  ine 
greatest  part  of  the  magnetization  time  is  required  fo. 
the  rotation  of  the  elementary  magnets  along  the  external 
field,  i.  e*»  during  the  transition  of  the  magnetic  state 
of  the  ferrile  along  the  steepest  part  of  the  hysteresis 
loop  in  the  region  Hc« 

It  is  interesting  to  find  the  relationship  of  the  | 
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induced  e«  m«  £0  in  the  secondary  winding  to  the  magnet i> 
2 at ion  of  the  ferrite  ore*  In  the  general  case  where 


R. 


oo 


dW 

dt 


or 


dB 


(17) 
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Multiplying  the  corresponding  left  and  right  sides  of  equa¬ 
tions  (12)  and  (14),  we  find 

fi,  W?,_  H 

dt  w,s  Sica's2 


hence 


ass 


2®,* 


w» 


(18) 


Fig#  3*  Graph  of  the  step  process  in  a  ferrite 

core 

Ferrite  K  =  6^  ( 7x4x2 *l)f  Rj_  ~  8J>  ohm,  =10,  _ ! 
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“1 

T  gif)  =  250,  Kp  =  00,  w2  =  100c 

SaLid  line  is  the  relationship  H(t). 

Dotted  line  is  B2(t)» 

The  relationship  H  »  F(t)  is  known  to  us  (Table  1). 

It  should  be  mentioned  that  upon  iramerical  Inbe-  - 
-  gration  the  expression  §  is  determined  automatically. 

The  graph  of  the  relationship  B2  -  S(t)  is  shown 
in  Figo  3. 

In  order  to  check  the  results  obtained*  an  ^peri- 
mental  determination  was  made  ofAt5epm?^n^i'ZThe0outlSae  f 

ferrite  of  the  type  K  =  65  (7  *  *  *£ol\  T^narametSs  of 

o2joS® c  the 

•  *  -  -■•-Toseconds. 


ohms,  wp  =  J-uu,  no  f  . 

pulse  front  i. *•  =  u.l  micros 


Magnetization  was  carried  out  along  winding  wi 
from  a  type  26  I  puls©  generator. 

The  magnetization  time  was  determined  by  the  pulse 
duration  of  the  voltage  induced  in  the  second  ^inding.  All 
measurements  were  done  with  a  type  CI-1  pulse  synchroscope. 

-  The  magnetization  time  was  det ferrite 
****r<,^r» v  ns©  In  q.  loop  End.  sinoiiixt od  to  1#9 

2?o'Scroseconds,  The  experimental  ^f^^^^^^i^makes 
the  calculations  on  the  average  of  5-10  percent.  This  maxes 
it  poSitoe  to  carry  out  a  mathematical  analysis  offOTrite 
circuits  used  in  automation,  telemechanics  and  computer 
technology. 
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